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a b s t r a c t
Within the search for new catalysts for the oxygen reduction reaction in polymer electrolyte membrane
fuel cells, alloys of Pt with other transition metals are of great interest due to their increased speciﬁc and
especially mass activity. However, the drawback of these catalysts is their reduced stability due to the
dissolutionof the less-noblemetal fromthealloy. To resolve thepotential dependenceof thesedissolution
processes, we investigate a material library of Pt-Cu thin-ﬁlm alloys with compositions ranging from
0 at% Cu up to 60at% Cu. Utilizing our combinatorial scanning ﬂow cell technique coupled to a mass
spectrometer several aspects of dissolution are revealed. The onset of relevant Cu dissolution was found
to be around 0.9VRHE, independent of the composition. Although this is well below the onset potential of
the Pt dissolution (1.15VRHE), the two dissolution processes are clearly correlated, especially when the
surface is already depleted of Cu. In contrast to Pt, however, Cu preferentially dissolves during anodic
polarization rather than during the cathodic sweep. Additionally, at Cu compositions above the parting
limit between 50 and 57 at% Cu a breakdown of passivity and massive Cu dissolution leads to porosity
formation. The critical potential for the alloy with 57 at% Cu was detected around 1.3VRHE, which is above
the stability potential of Pt. While the absolute activity during the porosity formation increases due to
the formation of more active sites in the pores, the speciﬁc activity decays to a value close to pure Pt.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
Electrochemical energy conversion is an important factor in
the ongoing transition from fossil or nuclear to sustainable energy
concepts, for instance by electrolysis of water to hydrogen as an
energy carrier, and a later reconversion to electrical energy in fuel
cells. One of the main components that requires optimization in
fuel cells is the catalyst for the oxygen reduction reaction (ORR),
the essential counter reaction of hydrogen oxidation [1]. As Pt,
the typically used catalyst for this reaction, is a scarce, precious
metal and therefore a major cost factor for any application, one
approach to reduce the amount of necessary Pt in fuel cells is to
replace it to a certain degree by abundant metals such as Ni, Cu
or Co [2–5]. Interestingly, these alloys show an increased activ-
ity per mass not only because of the reduced amount of Pt, but
also due to an enhancement of the intrinsic speciﬁc activity due
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to strain and ligand effects [6–9]. However, the introduction of
an alloy also exacerbates certain issues, particularly in the case
of polymer electrolyte membrane fuel cells. The less-noble metal
tends to dissolve from the alloy in the acidic media provided by
the membrane, which both reduces the beneﬁcial effect on the
speciﬁc activity, and leads to second order effects like increasing
membrane resistance due to severe membrane degradation [10].
Several groups have proposed the formation of a protective Pt skin,
which can passivate the material and prevent further leakage of
the non-noble metal after an initial dealloying [4,11]. However,
also such catalysts with a core-shell structure can eventually still
degrade due to the mobility of the surface atoms and partial Pt
dissolution, especially when exposed to strongly anodic poten-
tials [12]. This study aims to investigate especially the stability
of these kind of catalyst materials towards dissolution, identify
composition-dependent stability windows for their operation, and
hence reveal a trend for the design of more stable materials in the
future.
Binary metal alloys signiﬁcantly differ from the dissolution
behavior of the constituents. In general the dissolution threshold of
the less-noble metal is typically above its thermodynamic stability
limit, but below that of the noble metal. The latter can stabilize
http://dx.doi.org/10.1016/j.electacta.2014.07.113
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the less-noble metal in the surface, or even form a complete
protective layer. However, a composition threshold exists above
which the thermodynamics favor a massive dissolution of the
less-noble component at a potential well below the dissolution
potential of the noble metal, leading to the formation of a porous
structure. This threshold for porosity formation is called the parting
limit, and the potential where the porosity formation sets in is the
so-called critical potential [13]. The parting limit for fcc structures
was calculated to be between 50 and 60at% of the less-noble
metal, under consideration of the high-density-percolation theory
proposed by Artymowicz et al, which was experimentally proven
for the Au-Ag system [14].
In a previously published communication we have described
the combinatorial screening of a Pt-Cu thin-ﬁlm material library
with a composition gradient from 0 to approximately 60at% Cu,
deposited by magnetron sputtering with moving-blade shutters
[15]. Utilization of amaterial-library improves the comparability of
the experiments due to the same pretreatment for all compositions
and is beneﬁcial for the automated approach of our analysis. The
activity towards the oxygen reduction reaction aswell as the stabil-
ity of both Pt and Cu towards dissolution were measured in parallel
for different compositions. Itwas found that for lowCu contents the
activity increasesup toanenhancement factor of approximately2.2
versus the speciﬁc activity of polycrystalline Pt, while Cu contents
above 20at% do not lead to a further increase in speciﬁc activity.
Nevertheless,when thePt content is taken into account, an increase
in mass activity can be clearly derived. The dissolution of Cu was
found to be signiﬁcant for cycling to high potentials (1.6VRHE). The
dissolution depth of Cu for low Cu contents of the sample up to
∼ 25 at% was quite constant, with only a slight increase for higher
values, and with Pt dissolving always at comparable amounts
independent of the composition. However, when the Cu content
reaches a critical value of 57 at%, a signiﬁcant change in the dis-
solution behavior occurred. The dissolution rates of both elements
increased dramatically due to extensive formation of porosity.
Therefore, the threshold for the parting limit under these experi-
mental conditions, where surface passivation is no longer effective,
was assumed to be between 50 and 57 at% Cu, in accordance with
the theories as described above. Although in dealloying studies
typically compositions above the parting limit are studied, in terms
of catalysis the region below this threshold is more interesting. In
this region the catalysts can be expected to be signiﬁcantly more
stable, while there is no gain in speciﬁc activity for higher compo-
sitions [15]. Also, even catalysts initially prepared with a higher Cu
content already have contents below the parting limit after pre-
treatment [16]. Thedirect coupling of an electrochemical technique
to an online detection of the dissolved species has been proven to
have many advantages over an ex-situ characterization [17–21].
Speciﬁcally, the in-situ approach utilized in this study enables a
very fast screening of various compositions with a much higher
potential precision than in conventional ex-situ studies [22,23].
In contrast to theharsh conditions applied in our previous study,
in this work we characterize the dissolution during low potential
cycling, addressing the stability under regular operation condi-
tions. A focus is placed on the potential-dependence in terms of
onset potential and critical potential, and the correlation between
Pt and Cu dissolution. Besides addressing the stability issue of the
alloy materials, we also continue our investigation of the activity
enhancement. An enhancement of the activity towards the oxygen
reduction reaction was suggested in a porous structure, due to a
positive effect of an overlapping double layer within the pores on
the reaction kinetics of the ORR [24,25]. The Pt-Cu system is known
to especially favor small pores [26], where these effects might be
especially promoted. To elucidate these and possible other effects,
we investigate the porosity formation at high Cu contents in more
detail, emphasizing the stepwise dealloying and the trend of the
ORR activity during this process.
2. Experimental
The thin-ﬁlmmaterial librarywasdepositedbymagnetronsput-
tering, as previously described in [15,27]. The substratewas a (100)
Si wafer with 1500nm thermal SiO2 serving as a barrier layer. By
progressively retracting a moving-blade shutter located between
the deposition source and the substrate, 39 alternating thickness
wedges of Pt and Cu were deposited. Subsequently the wafer was
annealed at 825 ◦C for 1h under vacuum to dissolve the individual
layers and alloy the material. The ﬁnal thin-ﬁlm material library
had a thickness of approximately 200nm.
The electron backscatter diffraction (EBSD) data was obtained
with a Jeol JSM 6500F scanning microscope with a EDAX Genesis
(EDX) and a TSL OIM DC (EBSD) modul, both provided by Ametek.
The data was evaluated with the TSL OIM Analysis software.
The X-ray photoelectron spectroscopy (XPS) experiments were
performed with a PHI Quantum 2000 (Physical Instruments, USA),
with amonochromatedAlK˛ X-ray sourcewith100x100m2 spot
size at 45◦ take-off angle. The overview spectrum was recorded
with an acquisition width of 1200eV, a step size of 0.4 eV, and a
pass energy of 46.95 eV. The spectrumwas referenced to the carbon
C1s peak at 285eV. For determination of the atomic concentration
detail spectrawere recorded for Pt andCuwithanacquisitionwidth
of 20 and 50eV, respectively, a step size of 0.2 eV, and a pass energy
of 23.5 eV. The ﬁtting and quantitative analysis was done using
Casa-XPS software under consideration of the sensitivity factors
provided by the manufacturer.
A scanning ﬂow cell (SFC) was utilized for the electrochemical
investigations. The electrolyte passes through the SFC in V-shaped
channels with a diameter of 1mm, and contacts the surface of
the working electrode, i.e. the thin-ﬁlm material library, through
a small hole in the bottom of the cell at the vertex of the chan-
nels. The contact area is 0.010 ± 0.001 cm2 and the ﬂow rate is
typically around 200 ± 10Lmin−1. Due to the special geometry
and technical implementation of the SFC, different positions on the
material library can be addressed and screened in a fully automatic
mode [28]. The SFC is connected to an inductively coupled plasma
mass spectrometer (ICP-MS, NexION 300X, Perkin Elmer), so that
the electrolyte that passes the surface is analyzed for different dis-
solved ions shortly after the cell (dead time ca. 20 s, acquired in
separate experiments every day). The electrolyte is mixed 1:1 with
an internal standard (7.5g L−1 187Re and 89Y) after the pump
of the ICP-MS, and the mass signals of the analytes (195Pt and
63Cu) are related to these standards, respectively. The mixed elec-
trolyte/standard solution is fed into the ICP-MS throughaMeinhard
quartz nebulizer and a cyclonic spray chamber, operating at neb-
ulizer gas ﬂow rates of between 0.92 and 1.04L min−1 (Ar, purity
5.0). Because all signals are measured continuously in an online
detection method (dwell time 50ms, 5 sweeps per reading), the
electrochemical data from the SFC can be directly linked to the dis-
solution proﬁles of the ICP-MS after correction for the dead time
with a total uncertainty of ca. 3 s [29]. A performance check of the
ICP-MS and calibration with three standard solutions of deﬁned
amounts of Pt and Cu (prepared from Merck CertiPUR®) were
carried out on each experiment day. Themass signalswere not cor-
rected for the peak broadening originating from the convection in
the thin connection tubes (diameter 0.38mm) to the ICP-MS inlet.
The 0.1M HClO4 electrolyte is prepared from 70% perchloric acid
(Suprapure, Merck, Germany) and ultra-pure water (18M, ELGA
Labwater, Germany). The gases used for purging of the electrolyte
as well as for the external gas shield are provided by Air Liquide (all
of 5.0 grade or better). Unless stated otherwise the experiments
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Fig. 1. a) XPS spectrum for an alloy with 24 at% Cu with the indices for the rele-
vant Cu and Pt peaks. No intensity is found at the position of the most important O
signal, so the surface is supposed to be oxide free. b) Composition on the different
measurement locations on the material library. The concentrations were calculated
from the Cu 2p and Pt 4f peak, respectively.
were conducted under inert Ar atmosphere. The electrochemical
measurements are performed with a Gamry Reference 600 poten-
tiostat. A graphite rod introduced in the SFC inlet and a commercial
Ag/AgCl/3 M KCl electrode in the outlet serve as counter and
reference electrode, respectively. The reference potential versus
the reversible hydrogen potential (RHE) is determined for each
measurement day in a separate experiment utilizing a Pt elec-
trode inH2 saturatedelectrolyte. Every sample location is contacted
under potential control at 0.1VRHE.
Themeasurements shown in thispaper are representatives from
several experiments on the Pt-Cumaterial library and their reliabil-
ity is provenby the consistencyof the results. According to thenoise
in the mass detection the detection limit can be approximated as
0.1g L−1 cm2 for Pt and 1g L−1 cm2 for Cu. Additional uncer-
tainties can arise from background shifts or remaining traces of
metal in the system (e.g. Fig. 3a or Fig. 5a).
3. Results
3.1. Surface Characterization
Prior to electrochemical analysis the material library was char-
acterized concerning its physical properties. In the previous work
we have already presented the compositional mapping of the
samplewith energy dispersive X-ray spectroscopy (EDX).We addi-
tionally analyzed the exact composition at the surface with X-Ray
photoelectron spectroscopy (XPS) that is more relevant for the
electrochemical behavior. In total 19 locations 5mm apart along
the direction of the gradient were analyzed, and the electrochem-
ical experiments were later conducted parallel to this line in very
close proximity. Therefore, the measured compositions can also be
assumed to be valid for the electrochemicalmeasurements. A spec-
trum with the indication of the relevant Pt and Cu peaks is shown
in Fig. 1a. It can be seen that almost all relevant peaks can be clearly
identiﬁed, so there are no major impurities on the sample. Speciﬁ-
cally no oxygen signal could be measured on the surface. In Fig. 1b
Fig. 2. a) Inverse pole ﬁgure (IPF) map of the non-pretreated material with 57 at%
Cu, b) grain size distribution of the area shown in a); the EBSD measurement was
performed with a step size of 0.1m, the average image quality (IQ) value is 6797
and the average conﬁdence index (CI) is 0.73.
the compositions for thedifferentmeasurement locations, as calcu-
lated from the Cu 2p and Pt 4f intensities, are shown. The gradient
in composition is smooth and does not indicate major singular-
ities due to segregation, and the values correspond well with the
compositionsmeasuredwithEDX.As the last location isnotdirectly
at the edge of the material library, the highest measured composi-
tion results in 57 at% Cu.
Fig. 2a shows an inverse pole ﬁgure (IPF) map, obtained with
electron backscatter diffraction (EBSD), of the non-pretreated
material on the sample location with the highest Cu concentra-
tion (57 at% Cu). The material possesses an inhomogeneous grain
size distribution (Fig. 2b) with a high fraction of small (0.5m)
grains and few large (2.5 - 4m) grains. The texture of the material
is characterized by a strong (111) texture component, where the
large grains have a sharp (111) texture, while the small grains pre-
dominantly exhibit less pronounced (111) textures, only a small
fraction of (001) and (011) oriented small grains is present. This
indicates abnormal grain growth of (111) oriented grains. Energy
dispersive X-ray (EDX) analysis of the same region revealed nei-
ther Pt and Cu segregation nor second phase precipitates but a
rather uniform elemental distribution (ﬁgure S1). However, the
analysis is not sensitive enough to exclude conﬁned segregation at
the grain boundaries. As the region of investigation covered by the
SFC is in the range of several hundred microns, no particular effect
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of the grain orientation is expected. In contrast, the electrochem-
ical response will sum up and average the various contributions
from different grains, so that the surface can be considered as a
(111) textured but polycrystalline sample. As a consequence, the
discussion in the following paragraphs will be based only on the
variation of the composition of the binary material library.
3.2. Potential-dependent dissolution of the elements
3.2.1. Slow potential sweeps
To analyze the dissolution processes at low potentials as well
as for the determination of the critical potential above the parting
limit, potential sweeps with a scan rate of 1mV s−1 were applied.
The critical potential is characterized as the potential for which
the current rises exponentially and does not decay even when the
potential is not further increased [30,31]. The accurate determi-
nation of the critical potential demands measurements typically
consisting of holding the potential for long times to achieve ther-
modynamic equilibrium [32]. However, it has been shown that due
to the orders of magnitude slower surface mobility of Pt in contrast
to Au, the critical potential of the Pt-Cu system can be determined
correctly also from slow potential sweeps [33].
Fig. 3 shows the potential-dependent dissolution of selected
locations on the material library. The percolation measurements
were performed on a pure Pt sample for reference (Fig. 3a), on a
location with relatively low Cu content (24 at% Cu, Fig. 3b), on a
location with a Cu content slightly below the parting limit (50 at%
Cu, Fig. 3c), and on a location where severe dealloying takes place
(57 at% Cu, Fig. 3d). In the lower part of each plot the dissolution
rates of Cu and Pt are shown versus time, with separate y-axes for
each element due to the different magnitude of dissolution. In the
upper part of the graph the parallel measured current response
is plotted on a logarithmic scale versus the same time axis. The
applied potential sweep is indicated in green and the correspond-
ing potential values are indicated on an additional x-axis on the top
of each graph. This enables the assignment of the dissolution rate to
the applied potential at any time during the measurement. Before
each potential sweep the contact was established under potential
control at 0.1VRHE, and the potential was held at the maximum
potential of 1.8VRHE for 10min at the end of the sweep as indi-
cated by a red dashed line. On pure Pt the dissolution rates are
very small, with the measured rates for Cu being probably due to
remaining traces of Cu in the system from previous measurements,
as the pure Pt sample was measured after the sample with high Cu
content. As themeasured amounts for Cu are relatively small, it can
be expected that remaining traces of Cu from a sample with lower
to one with a higher Cu content do not inﬂuence the results. The
ﬁrst current signal increase starting from around 0.9VRHE can be
assigned tooxide formation.At slightlyhigherpotentials of 1.1VRHE
transient Pt dissolution begins, due to the propagated oxidation
by place-exchange of Pt and oxygen at the interface [34]. Beyond
1.5VRHE a linear increase in the logarithmic plot due to the onset
of the oxygen evolution reaction (OER) appears. During the poten-
tial hold the OER current decreases slightly to a steady-state value
around 100A cm−2, due to equilibration of the oxide surface. The
Pt dissolution decreases to a negligible rate during this time, aswas
shown before for polycrystalline Pt [35]. The dissolution proﬁle of
the Pt-Cu alloy with 24 at% Cu (Fig. 3b) is a representative case for
intermediate Cu contents. Upon contact some Pt dissolves, which
is attributed to the reduction of initial surface oxide. Interestingly
the Cu dissolution recorded in parallel is minor at this stage, and
only sets in at approximately 0.38VRHE during the positive scan.
This dissolution is probably due to edge and corner atoms of Cu as
well as Cu-patches on the surface larger than the statistical average
[36,13]. The currents measured in this region are very low or even
slightly negative due to overlapping reduction of remaining traces
of oxygen in the electrolyte. At the onset of oxide formation around
0.9VRHE, however, a signiﬁcant increase in Cu dissolution occurs
in parallel with the surface oxidation currents. In agreement with
the pure Pt reference sample location, Pt dissolution sets in also
around 1.1VRHE. The dissolution of bothmetals exhibits a peak-like
behavior, anddeclines to a constant rate for higherpotentials due to
passivation. Theonsetof theOERoccurs at slightlyhigherpotentials
compared topure Pt anddoesnot trigger any signiﬁcant dissolution
for either element. The low dissolution rate for Cu simply follows
the transient behavior known for Pt. During the potential holding
period, the current again decays due to the establishment of a ther-
modynamic equilibrium and the ﬁnal current is somewhat lower
than for pure Pt (around 30A cm−2). Note, that the dissolution
proﬁle and current response on the sample location with 50 at% Cu
(Fig. 3c) is very similar to the one previously described, as the alloy
composition is still below the parting limit. While the Cu dissolu-
tion rates are slightly enhanced due to the higher Cu content, the
onset of the initial Cu dissolution aswell as the peak itself are at the
samepotential as for the lower Cu content (see also ﬁgure S2a). Fur-
thermore, the OER onset and potential dependence is comparable
and the dissolution rates decline during the ﬁnal potential hold.
For the highest Cu content of 57 at% Cu (Fig. 3d) the initial phase
of the Cu dissolution versus the applied potential is shown in detail
in the inset. The behavior is again similar, with a small continuous
dissolution rate starting around 0.35VRHE and a dissolution peak
when oxidation of the surface starts. However, the dissolution rate
does not decline to a plateau as for lower Cu contents, but a severe
dissolution sets in around 1.3VRHE, which can be seen to the full
extent in the main graph. As the onset overlaps with the previous
dissolution peak, the uncertainty of this value is however relatively
large (± 50mV). According to the strong dissolution, the current
response due to surface oxidation and OER is also superimposed
by a signiﬁcant dissolution current. The advantage of the simulta-
neous detection of current response and metal dissolution is the
effective decoupling of the contributions of electrochemical disso-
lution to the current signal from non-dissolution related currents
such as oxide formation and oxygen evolution [20,37,29,38]. For
the present case, when converting the dissolution rates into dis-
solution currents, taking into consideration the ﬂow rate and the
Faraday constant, their magnitudes indeed follow the measured
current response (see ﬁgure S2b). The OER current at the end of the
measurement is signiﬁcantly higher than for the other Pt-Cu alloys,
which can be attributed to the strong increase in surface area due
to pore formation [15]. For a percolating system one would expect
that the dissolution rate remains constant during a potentiostatic
measurement. However, for this alloy it decays during the potential
hold time, which can be explained by the severe dissolution of Cu
resulting in a depletion in near-surface regions. As the initial alloy
composition is already close to the parting limit, the Cu content
can thus drop below the critical composition. As a consequence the
percolation process ceases after equilibration during the potential
hold, and the Cu dissolution rate decreases as for non-percolating
systems. Note, however, that the ﬁnal dissolution rate is still two
orders of magnitude higher than for the 50 at% Cu sample. Inter-
estingly, the Pt dissolution rate remains comparable to all other
compositions, and seems not to be affected by the Cu dissolution.
At around 3800 s the measurement was disturbed by an air bub-
ble passing over the surface, as indicated by the arrow, probably
leading to a (partial) loss of contact that resulted in a jump in the
dissolution rates as well as in the current response.
3.2.2. Stepwise increase of the upper potential limit
In addition to the slow linear sweep voltammetry, further
experiments were performed. An illustrative example is the series
of single cyclic voltammetry scans (CV) with a scan rate of 10mV
s−1 and increasing upper potential limit Emax on an alloy with
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Fig. 3. Dissolution proﬁles and current responses during slow potential scans (0.5mVs−1) from 0.1 to 1.8VRHE and a subsequent potential hold for a) pure Pt, b) an alloy with
a low Cu content of 24 at% Cu, c) a Cu content slightly below the critical composition with 50 at% Cu, and d) an alloy that shows percolation with 57 at% Cu.
a medium Cu content (27 at% Cu, Fig. 4a). After contact under
potential control the system is left to equilibrate for 10min at open
circuit potential (OCP), which already induces some Cu dissolution.
The ﬁrst CV is performed between 0.05 and 0.7 VRHE, and the upper
potential limit in the subsequent CVs is increased in steps of ﬁrst
100mV and then 50mV up to 1.65 VRHE. In order to investigate
the reproducibility, Emax is afterwards lowered in 100mV steps.
A potential hold of 3min at the lower potential limit in between
the individual CVs prevents overlapping of the dissolution signal.
Strikingly, the dissolution proﬁles conﬁrm the earlier onset of
the Cu dissolution in comparison to Pt as presumed before. By
integration of the dissolved amounts during each CV the onset for
dissolution can be estimated even more reliably. The dependence
of the dissolved amount of Cu and Pt on the upper potential limit is
shown in Fig. 4b for the CVs with increasing as well as decreasing
Emax, respectively. Hence, Cu dissolution above the detection limit
can ﬁrst be found for Emax =0.9VRHE, so that the onset for disso-
lution is located between 0.8 and 0.9VRHE. This potential window
ﬁts well to the determined onset potential from the linear sweep
measurements in Fig. 3. At these potentials no Pt dissolution occurs
yet, so that this initial Cu dissolution seems not to be inﬂuenced
by Pt at the surface. Moreover, as Cu atoms at corner and kink
sites on the surface are expected to dissolve already during the
equilibration step at OCP, the dissolution at these potentials can be
assigned to the dissolution of large atomic Cu patches embedded in
a Pt rich surface matrix [13]. With increasing upper potential limit,
the dissolved amounts increase nearly linearly. The amount of
dissolved Cu during single CVs is very small, i.e. only few percent of
aML-fraction (a value for the depth of the dissolution) [15]. Thus, at
the end of themeasurement the overall dissolved Cu amount corre-
lates to less than 2ML-fractions. Nevertheless the surface becomes
depleted in Cu with time, which is probably the reason for the
dissolution plateau at high Emax and the lower dissolved amounts
for the same potential limits during the CVs with decreasing Emax.
The latter is clearly visible in the hysteresis of the integrated
amounts in Fig. 4b. At 1.15VRHE the Pt dissolution sets in, parallel
to the Cu dissolution. The slope of the Pt dissolution is very similar
to that of Cu, which already suggests a certain correlation between
the two processes. The dissolved amounts of Pt during the CVs
with decreasing Emax perfectly match the ones from increasing
Emax, implying that no depletion of Pt occurs. In contrast to Cu,
Pt dissolution accumulates only to around 0.1ML-fractions over
the whole experiment. Interestingly, the dissolved mass of Pt and
Cu during decreasing Emax almost overlap, which could be due
to dissolution of Cu that becomes exposed by dissolving Pt, after
the surface Cu has been completely removed ﬁrst. The correlation
between Pt and Cu is further consolidated when the dissolution
during the positive and negative sweep of one CV is analyzed in
detail. This is highlighted in the dissolution proﬁle shown in Fig. 4c
for CVs with an upper potential limit of 1.55 and 1.6VRHE. The main
Cu dissolution occurs during the positive sweep (to simplifywe call
this “anodic” dissolution), again with an earlier onset compared
to the minor Pt dissolution peak. This strengthens the suggestion
that the anodic Cu dissolution is not triggered by the anodic Pt
dissolution. In contrast, the Cu dissolution during the negative
sweep (simpliﬁed as “cathodic” dissolution) is much smaller, while
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Fig. 4. a)Dissolutionproﬁles during slowCVs (10mV s−1)with increasing andafter-
ward decreasing upper potential limit Emax; b) integrated amounts of dissolved
species during the single CVs plotted versus the respective Emax; c) detail of the
dissolution proﬁle to distinguish between anodic and cathodic dissolution within
two particular cycles.
the cathodic Pt dissolution is in this case dominating. The cathodic
Cu dissolution does not exhibit the typical peak-shape observed
for anodic Cu dissolution or transient Pt dissolution, but is rather
a shoulder of the anodic dissolution. It contains a quite sharp
edge around 0.6 VRHE, where the signal drops back to the baseline
within a few mV. Interestingly, the mass of cathodically dissolved
Cu approximately matches the mass of Pt dissolved during the
anodic sweep, and anodic Cu dissolution corresponds to cathodic
Pt dissolution indicating a strong link of both processes.
Fig. 5. Applied potential proﬁle and resulting dissolution of Pt and Cu on a location
of the material library with 57 at% Cu. The fast cycles of each dealloying series were
performed with 100mV s−1 and the slow cycles for activity determination with
50mV s−1. The gases were switched between the cycles as indicated above the
graph.
3.3. Porosity formation for Pt-Cu alloys above the parting limit
For the Pt-Cu system we have found previously that the part-
ing limit is between 50 and 57 at% Cu and that potential cycling
up to 1.6VRHE induces signiﬁcant dissolution, leading to porosity.
In order to investigate the dissolution and its consequences for the
ORR inmore detail, a speciﬁc potential proﬁle consisting of dealloy-
ing cycles and activity measurements during the different stages of
dealloying is applied to a 57 at% Cu sample. The potential protocol
and the corresponding dissolution proﬁles of Pt and Cu are shown
in Fig. 5. After the ﬁrst dealloying phase of 10 cycles, where initially
only small amounts of Cu dissolve, the consecutive block only con-
sists of 4 cycles in order to especially monitor the ORR in the early
stages of porosity formation. All subsequent blocks consist of 10
dealloying cycles. The dissolved amounts increase during cycling
as already seen in the previous experiment. In contrast to the alloy
with a composition below the parting limit, the dissolution rate of
Pt also increases due to the massive increase in surface area (for
more details see ref [15]). The scanning electron micrographs of
the surface after the experiment in Fig. 6 show the excessive pore
formation. At lowermagniﬁcation (Fig. 6a) the conﬁned dissolution
at some grain boundaries can be seen by the thick border between
the vertical grains (indicated by the green arrows), while the grain
boundary e.g. between the two horizontal grains in the left top cor-
ner of the image (green arrows) shows an undisturbed state. This
localized dissolution also occurs for lower Cu contents, but is less
pronounced in that case (not shown). This could be a sign of some
minor segregation at the grain boundaries. However, for the sam-
ple with 57 at% Cu especially the dissolution from within the grains
resulting in a porous structure can clearly be seen at higher magni-
ﬁcation (Fig. 6b). The pore diameters range from very small pores
around 2nm up to larger, probably coarsened pores up to 10nm.
Inorder todetermine theactivity, thegaswas switchedbetween
Ar and O2 in between the dealloying steps, and in each atmosphere
2 CVs with 50mV s−1 were additionally recorded. Previous exper-
iments on Pt showed that these gases do not have an impact on the
dissolution rates [39]. Due to the high dissolved amounts already
occurring during one cycle and the concomitant alteration of the
surface area, the corresponding capacitive currents under Ar and
O2 do not perfectly overlap. To overcome this problem, the CVs
under Ar are scaled according to the surface area of the CVs in O2
by a scaling factor as described in the supporting information. The
corrected ORR curves of the positive sweep are shown in Fig. 7a.
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Fig. 6. Secondary electron (SEM) micrographs of the electrochemically treated Pt-Cu alloy with 57 at% Cu after the dealloying experiment, a) the dissolution at the grain
boundaries (red arrows) in comparison to an undisturbed grain boundary (green arrows); b) higher magniﬁcation micrograph showing the porosity inside the grains.
Fig. 7. a) ORR curves after different steps of dealloying, each corrected against the
corresponding CV under Ar, scaled to the change in surface area (see SI); b) Develop-
ment of the speciﬁc surface area as measured by Hupd (blue) and the enhancement
factor (EF) of the activity towards polycrystalline Pt measured at 0.95 VRHE (red) in
dependence on the applied dealloying cycles. The errors for the EF are estimated by
error propagation from the precision of the activity determination.
Note, that while the necessary correction of the Ar CVs induces
some artifacts in the ORR curves, as e.g. a slight variation in the
diffusion-limited region and a minor deviation from zero current
for high potentials, it still enables a more accurate determination
of the ORR activity than from uncorrected polarization curves [40].
The kinetic region of the ORR shifts to more positive potentials
with increasingnumber of dealloying cycles andprogressive poros-
ity formation. The amount of active surface sites increases, and it
seems that the ORR also commences inside the pores. Thus in order
to determine the true speciﬁc activity from the polarization curves,
the measured activity has to be corrected for the changing surface
area.Note that the surfaceareabecomes sohighafter44de-alloying
cycles that the ORR becomes already diffusion-limited at 0.9VRHE,
the potential where the speciﬁc activity is usually measured. The
non-kinetic inﬂuence in this region can easily be seen by the
deviation from the Tafel behavior at this potential (ﬁgure S4).
Therefore, the activities were determined instead at 0.95 VRHE and
normalized accordingly to themeasured activity on polycrystalline
Pt at the same potential. The measured speciﬁc surface area, as
determined by the absorption in the Hupd–region of the corre-
sponding Ar CVs, and the resulting enhancement factor (EF) of the
ORR activity compared to polycrystalline Pt are shown in Fig. 7b
in dependence on the applied dealloying cycles. As expected due
to the porosity formation, the active surface area increases with
cycling in accordance with the dissolved amounts of Cu and Pt
in the mass spectrum (Fig. 5). The increase initially follows an
exponential-like behavior because it is acceleratedby the enhanced
dissolution due to the surface increase in the previous dealloying
step. The activity seems to be slightly higher during the initial two
dealloying steps. The maximum enhancement factor at 0.95VRHE
is about 1.8 (at 0.9 VRHE a maximum EF of 2.1 was found), which
accords with the values determined for the Pt-Cu alloys with lower
Cu content [15]. During further dealloying, the activity becomes
slightly lower and seems to reach a plateau around an EF of 1.3,
indicating a depletion of Cu from the surface or maybe a transport
limitation of oxygen inside the pores.
4. Discussion
The combinatorial study of a Pt-Cu material library with a Cu
concentration gradient from0 to 60 at% utilizing the SFC coupled to
an ICP-MShas revealed several interesting aspects about the funda-
mental dissolution of the individual elements. Although the depth
of the dissolution increases for Cu contents above 25 at% [15], the
potential-dependentmeasurements reveal no signiﬁcant change in
the dissolution processes up to 50 at% Cu. Even above the parting
limit the same processes can be observed for potentials below the
critical potential. A scheme of these dissolution processes is shown
in Fig. 8. At low potentials between 0.4 and 0.8VRHE, initial free
Cu patches on the surface dissolve (Fig. 8a). Dissolution of smaller
atomic Cu patches within the surface of the alloy or even Cu from
belowthe surfacemainlyoccurs above0.8−0.9VRHE,when the sur-
face mobility and the binding energy of surface atoms are changed
due to the formation of oxygenated species (Fig. 8b). The onset of
this process is only determined by the change of the surface state,
but not by the composition of the material, at least as long as no
percolation occurs already below this potential limit. During this
process the surface is mainly depleted in Cu. With the onset of the
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Fig. 8. Scheme of the dissolution of Pt-Cu alloys below the parting limit.
place-exchange of Pt and O around 1.15VRHE minor Pt amount dis-
solve,which eventually exposes previously buried Cu to the surface
(Fig. 8c). At high potentials the surface is completely oxide covered
and passivated for further dissolution (Fig. 8d). The initial state for
the cathodic scan thus consists of Pt oxide depleted in Cu. During
the reduction of the surface the minor amount of Cu on the sur-
face can dissolve as well as the major Pt dissolution takes place, so
that in this case the alloy behaves quite similar to a pure Pt elec-
trode. The latter process again releases Cu to the surface, which can
thenbedissolvedduring thenextpotential cycle (Fig. 8e). Consider-
ing this, after the ﬁrst surface layers have been depleted of Cu, the
further Cu dissolution is closely related to or even dominated by
the Pt dissolution. Thus, although Pt mainly dissolves cathodically
and Cu predominantly anodically, both processes are inherently
linked to each other, which is particularly conﬁrmed by the strong
correlation of the amounts of Pt and Cu dissolved during poten-
tiodynamic experiments. At Cu concentrations above the parting
limit the protection of the alloy by Pt-oxide breaks down and leads
to continuously increasing dissolution with concomitant porosity
formation. Interestingly, the critical potential for Cu dissolution for
the alloy with 57 at% Cu lies with Ec =1.30±0.05VRHE above the
potential for the onset of Pt dissolution at approximately 1.15VRHE.
The reason for this is that Pt, in contrast toAu, doesnotdissolve con-
tinuously at a certain potential, but shows a transient dissolution
behavior. Due to this passivation the results do not ﬁt perfectly into
the classical dealloying theory, which would predict rather a criti-
cal potential in between the thermodynamic dissolution potentials
of both elements. On the other side, the value of Ec is in-line with
critical potentials reported for Pt-Cu alloys with a higher Cu con-
tent, where porosity formation already sets in below the potential
for Pt dissolution [33].
The detailed analysis of the evolution of the activity during
porosity formation revealed no improved speciﬁc activity in com-
parison to the alloys with lower Cu contents. Moreover, although
the absolute activity for the ORR naturally rises with the increas-
ing surface area that becomes accessible, the speciﬁc activity even
decreases and reaches avalue close to that of polycrystallinePt. This
can be explained by the signiﬁcant depletion of Cu in near-surface
regions, which then behave similar to polycrystalline Pt. Moreover,
while the pores are fully accessible by electrolyte and contribute
to the surface area determination, they might not be completely
accessible for O2 during the reaction due to limited diffusion in the
network. So at this stage no clear notion towards the previously
suggested positive effect of an overlapping double layer within the
poreson theORRcanbederived, as the reactionkinetics areaffected
by too many other opposing factors [24,25].
5. Conclusion
In summary, the most relevant results from this study are the
onset of Cu dissolution already before the stability threshold for Pt
dissolution, signiﬁcant at potentials as low as 0.9 VRHE. The main
Cu dissolution occurs during the anodic sweep in contrast to Pt
which mainly dissolves cathodically. However, once the surface is
depleted in Cu, further dissolution can only occur if Pt dissolution
takes place, exposing previously covered Cu again to the surface. So
for thin-ﬁlm alloys it can be expected, that after initial depletion of
Cu, the catalyst is stable for cycling below 1.15VRHE, as long as the
critical potential of the alloy does not lie below this threshold. Note,
that the behavior of Pt-alloy nanoparticles may differ from that of
the investigated thin-ﬁlm alloys, so further studies are necessary to
characterize also the potential-dependent stability of high-surface
area catalyst. Additionally, the speciﬁc activity in aporous structure
interestinglydecreaseswithongoingporosity formation in contrast
to suggested theories, while the different factors that inﬂuence the
activity change are still difﬁcult to separate.
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